SUMMARY: A new design for permanent, low-cost, and planar fluidic channels on TiO 2 nanoparticle coated paperboard is demonstrated. Initially superhydrophobic TiO 2 nanoparticle coatings can be converted to hydrophilic by ultraviolet (UVA) light, and fluidic channels can be generated. A simple water treatment after the UVA illumination converts the channels permanent when nanoparticles are removed from the illuminated and wetted areas as shown by water contact angle, FE-SEM, XPS, and ToF-SIMS analysis. This suggests new routes for inexpensive, easy to use point-of-care diagnostics based on planar fluidic channels. 
2014; Songok et al. 2014) , bioactive paper (Pelton 2009 ), sensors (Sarfraz et al. 2012) , transistors (Bollström et al. 2009 ), displays (Siegel 2009 ), photovoltaics (Barr et al. 2011; Hübler et al. 2011) , and paper-based electronics (Tobjörk, Österbacka 2011) have been demonstrated within the past decade. Recyclability is especially important for reducing the environmental burden of electronic waste (Irimia-Vladu et al. 2012 ) with the expected exponential growth of the internet of things utilizing printed and thin electronic structures on flexible substrates.
Wetting plays an important role in e.g. printing, coating, painting, and laminating. Conventionally surface wettability of paper is controlled by surface sizing using either alkylketene dimer (AKD) or alkenyl succinic acid (ASA) that reduce the surface wetting of pure cellulose substrates (Hubbe 2007) . Microfluidic devices and channels have typically been fabricated on a glass or polymer substrate using microelectronics tools such as photolithography and etching (Whitesides 2006 ). On paper different strategies for forming the patterned structures have been taken: for example, wax has been used as a barrier, hydrophobic material for formation of microfluidic paper-based analytical devices (Martinez et al. 2010; Vella et al. 2012) or alternatively a thin plasma coating of a fluorocarbon film has been utilized (Balu et al. 2008) .
We have recently shown that TiO 2 nanoparticles on a paperboard surface results in a superhydrophobic surface due to a carbonaceous layer on top of the nanoparticles originating from the volatile organic compounds emitted during the flame deposition whereas SiO 2 nanoparticles resulted in a highly hydrophilic surface . The nanoparticle coatings were deposited by a liquid flame spray (LFS) process . It is worth emphasizing here that both TiO 2 and SiO 2 exhibit superhydrophilicity as pure thin films (water contact angle ~ 0°) (Takeda et al. 1999) and TiO 2 superhydrophobicity is only observed on paperboard substrate due to volatile organic compounds originating from the base paper pigment coating.
LFS is a cost-effective way to deposit various metal and metal oxide nanoparticles on large area via roll-to-roll process flow at atmospheric conditions. Web speeds exceeding 150 m/min can be achieved allowing several m 2 of nanoparticle coated surfaces to be manufactured in a minute with a single burner nozzle. In LFS an organometallic liquid precursor typically dissolved in isopropyl alcohol (IPA) is fed into a high velocity and high temperature H 2 -O 2 flame in which the precursor evaporates, reacts, nucleates, and forms solid nanoparticles that can be collected on various substrates from glass and steel to paper and plastic films . The relatively narrow size distribution and sizes of nanoparticles can be controlled from 2 to 200 nm simply by changing the deposition parameters i.e. the relative gas flows, the precursor feed rate and concentration, and the distance of the nozzle from the deposited surface (Mäkelä et al. 2004) . LFS has been used for glass coloring (Gross et al. 1999) , catalytic applications (Keskinen et al. 2006) , and antibacterial surfaces (Gunawan et al. 2009 ).
Well-known photocatalytic properties of TiO 2 (Fujishima et al. 2000) can be used to convert the TiO 2 nanoparticle coated paperboard surface from superhydrophobic to a highly hydrophilic one under ultraviolet (UVA) light, and different patterns can be formed using a photomask. The changes in the wettability correlate well with the changes observed in the surface chemistry using an X-ray photoelectron spectroscopy (XPS) ) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) ). However, the achieved wettability conversion is reversible i.e. the recovery of surface hydrophobicity occurs under ambient conditions in dark during storage, and the change can be accelerated by heat.
In this paper we show, for the first time to our knowledge, the fabrication of permanent planar fluidic channels on such TiO 2 nanoparticle coated paperboard using a simple water treatment of the UVA illuminated, photocatalytically converted channels. The illuminated wetting channels are exposed to water that transports the nanoparticles to the channel edges and deeper into the base paperboard resulting in a permanently less hydrophobic channel. The changes in the channel morphology are measured using a field emission scanning electron microscope (FE-SEM), contact angle (CA), XPS, and ToF-SIMS. A similar wetting approach was previously taken with randomly roughened polymethylmethacrylate (PMMA) substrates to stabilize the nanotextured surface before its hydrophobization (Gnanappa et al. 2012) . The current set-up avoids all problems with surface recovery during the storage and has thus a high potential, for example, in cost-effective, disposable point-of-care (POC) type diagnostics. An additional benefit of cellulose is easy disposability by combustion after such an analysis leaving no hazardous biological waste.
Materials and Methods

Sample preparation
The paperboard substrate for the TiO 2 LFS nanoparticle deposition was a commercial, online double pigment coated paperboard (200 g/m 2 , Stora Enso, Sweden). The LFS deposition process is schematically shown in Fig 1a. TiO 2 nanoparticles were deposited in an atmospheric rollto-roll process using the coating and laminating pilot line at the Tampere University of Technology (Tampere, Finland) with a constant web speed of 50 m/min. Titanium (IV) isopropoxide (TTIP; 97% pure, Aldrich, St. Louis, MO, USA) dissolved in isopropyl alcohol (IPA) precursor with a metal ion concentration of 50.0 mg/ml was used for the TiO 2 nanoparticle coatings. The precursor feeding rate into a spray nozzle was set to 12.0 ml/min located at 6 cm distance from the moving paperboard web. The combustion gases for the process were H 2 (50 l/min) and O 2 (15 l/min).
The 1 and 2 mm wide channel structures were formed using a photomask exposed to the UVA light (Bluepoint 4 ecocure, Hönle UV Technology, Gräfelfing, Germany) having a 365 nm central wavelength under a passband filter for 320 -390 nm. A schematic of the set-up is presented in Fig1b. The exposure intensity was kept constant at 50 mW/cm 2 , and the exposure time was 30 min. Our previous results have shown that 30 min UVA exposure converts the initially superhydrophobic TiO 2 nanoparticle coated surface to a highly hydrophilic one. However, the induced hydrophilicity is not permanent, and the superhydrophobicity recovery can be enhanced by a heat treatment in an oven at 150°C for 3 min. To make the channel structure permanent, the UVA illuminated channel area was exposed to water in the first stage wetting as shown in The TiO 2 nanoparticles are removed from the hydrophilic channel area during the first stage wetting. Both UVA illuminated samples (with and without the first stage wetting) were finally heat treated in an oven at 150°C for 3 min. Without the first stage wetting the TiO 2 nanoparticles remain on the surface and convert back to superhydrophobic surface in an oven heat treatment whereas the second stage wetting only occurs in the first stage wetted channel. Both samples were kept at 24°C and at a relative humidity of 50% overnight after the oven heat treatment before the measurements.
Sample characterization
Water contact angles (CAs) were measured using a sessile droplet method with a contact angle goniometer (KSV CAM 200, Biolin Scientific, Finland) with a droplet volume of approximately 6 μl. The CA measurements were carried out over an illuminated, first stage wetted and oven heated area of 1×1 cm 2 that is used to guarantee adequate water droplet setting without the boundary effects. A single water droplet was used in the center of such square, three parallel measurements were performed. The samples were imaged using a field emission scanning electron microscope (FE-SEM; Zeiss LEO Gemini 1530, Germany) with an in-lens detector. The samples were carbon coated prior to imaging for conductivity. Topographical imaging was carried out using the secondary electron (SE) imaging mode with a magnification of ×50,000 and ×5,000 with an accelerating voltage of 2.70 kV and a working distance of 4 to 5 mm.
To study the surface chemistry of the channel structures X-ray photoelectron spectroscopy (XPS) measurements were carried out using a PHI Quantum 2000 instrument (Physical Electronics Instruments, USA) with a monochromatic Al Kα X-ray source operated at 25 W. XPS is sensitive approximately 10 nm depth into the surface. Charge compensation was improved by a combination of electron flood and ion bombarding. Take-off angle of 45° relative to sample surface was used. High-resolution photoemission peaks for C 1s, O 1s, and Ti 2p were measured from three different spots using a pass energy of 29.35 eV. A mixed Gaussian-Lorentzian fit and Shirley background reduction were used for curve fitting. The main chamber pressure was kept at 2×10 -7 Torr during the measurement.
For a more detailed surface chemical characterization from 1-2 nm from the sample surface, a time-of-flight secondary ion mass spectroscopy (ToF-SIMS) was used. ToF-SIMS spectra were acquired using a PHI TRIFT II (USA) unit with a pulsed liquid metal ion gun. Positive ion mode over the mass range of 2 − 2000 Dalton (Da) was used with a Ga+ primary source having a 100×100 μm 2 raster size, a 15 kV applied voltage, a 600 pA aperture current, and a 10 min acquisition time. Sample surface charging was reduced by using a low electron energy flood gun. A noninterlaced mode (the analysis and sputtering are active in different ToF cycles) was used for image collection from an area of 2 × 2 mm 2 . At least three different spots on each sample were measured.
Results and Discussion
Fig 3 presents a comparison of 1 and 2 mm wide channel structures with and without the first stage wetting step. Fig 3a shows the non-wetted channel that is exposed to red colour stained (Amaranth dye) water. However, no channel structure is visible with water droplets not able to adhere on the tilted surface as the UVA illuminated channel area shown by yellow lines recovers the initial superhydrophobicity by the oven heat treatment, and thus the channel structure is lost. On contrary , Fig 3b shows a clear second stage wetting in the channel structures on the first stage wetted sample.
Table 1 summarizes the measured water contact angles of the TiO 2 nanoparticle coated paperboard as prepared (CA ~ 160°), and after the UVA illumination (CA ~ 5°), heat treated first stage wetted channel (CA ~ 110°), and a post UVA illumination (CA ~ 65°). We have shown before ) that the heat treatment results in a recovery of the initial superhydrophobic surface with CA of approximately 150°. In Table 1 the CA of the first stage wetted channel is close to 110° after the heat treatment that is significantly lower than the initial superhydrophobic value. Therefore, the channel structure has permanently higher wettability than without the first stage wetting. Furthermore, the initial CA of 110° will decrease to 100° within 60 seconds. A secondary post-UVA illumination of the channel area reduces the CA to 102° that will settle into 65° within 60 seconds. This value is close to the reference base paperboard CA value of 78°. Hence, this suggests that the amount of TiO 2 nanoparticles is significantly reduced in the first stage wetted channel as the channel does neither reach the initial superhydrophobicity nor the high hydrophilicity after the secondary UVA treatment. In both cases a permanent channel is formed in which water droplets will locate and adhere to.
Electron microscopy was used to confirm the nanoparticle reduction hypothesis. Fig 4 shows the FE-SEM and ToF-SIMS total ion count images of the UVA and heat treated channels. The first stage wetted channel is displayed on the left-hand side with a significant difference compared to non-wetted channel structure on the right-hand side image. The width of the channel structure corresponds well to the used UVA photomask with an exposure width of 1 mm. The main mechanism for the LFS deposited nanoparticle adhesion to the surface is by van der Waals forces i.e. the particles are loosely bound to the surface. Therefore, water wets the channel area (CA < 10°) in the first stage, and the nanoparticles are transported from the channel area along the moving liquid contact line, pushed to the edges similar to the coffee stain effect (Deegan et al. 1997) , or absorbed deeper into the base paperboard mineral pigment coating. A significant difference is also observed in the ToF-SIMS total ion count spectra: the first stage wetted channel is clearly visible after the heat treatment with a reduced total ion count in the channel (the red area).
The surface morphology was studied in a more detail using an FE-SEM imaging. A rosette like structure of TiO2 nanoparticles fully covering the surface is shown on (a) whereas a typical base paperboard mineral pigment coating structure is clearly visible in the first stage wetted channel (c) with the reduction of TiO2 nanoparticles resulting in a surface similar to the base paperboard (d).
nanoparticles as observed in our earlier work . Fig 5b shows the edge area in which a distinct boundary can be observed between the non-illuminated and UVA illuminated, first stage wetted areas. Finally, in the first stage wetted channel a significant decrease in the amount of nanoparticles is clearly visible in Fig 5c displaying a typical porous surface morphology of base paperboard mineral pigment coating shown in Fig 5d. The XPS study confirms the observations in the FE-SEM images and the ToF-SIMS mapping. The elemental composition of the surface is displayed in Table 2 . The reference pigment coated base paperboard does not have any titanium on the surface as expected without TiO 2 nanoparticle coating. The amount of TiO 2 is reduced after the first stage wetting that supports the findings from the FE-SEM images with reduced amount of nanoparticles. Secondly, both carbon and oxygen values are similar to the reference base paperboard. Furthermore, in both samples the outside areas, which are only exposed to the The slightly reduced amount of titanium in the non-wetted channel area (UVA + oven treatment) can be explained with the increased amount of carbon: the volatile organic components are evaporated in an oven from the base paperboard pigment coating and adhered on top of the TiO 2 nanoparticles as we have also seen in our previous studies . A more significant reduction is observed after the first stage wetting that is also in agreement with our previous results Stepien et al. 2013) .
The high resolution ToF-SIMS spectra in Fig. 6 show two different m/z ranges that correspond to fragments of Ca and C 3 H 4 peaks (39.8 − 40.2), and OC 2 H 3 and C 3 H 7 (42.8 − 43.2). A large Ca-ion peak is only observed in the first stage wetted channel. This correlates well with the XPS measurement of the reference paperboard that has 3.0% relative amount of calcium whereas TiO 2 nanoparticle coated paperboard does not have any calcium present on the surface. The used Millipore water has a pH of 5.6 and in acidic conditions the calcium carbonate in the base paperboard pigment coating starts to dissociate. Hence, as seen from the high resolution FE-SEM image in Fig 5, the base paperboard CaCO 3 particles in the pigment coating are partially dissociated. We have previously shown that the LFS deposited TiO 2 nanoparticles have a carbonaceous layer on top ) that results from the volatile organic compounds emitted during the flame deposition from the organic binder material used in the base paperboard pigment coating formulation. Such hydrocarbon layer is also visible in Fig. 6 as there is no C 3 H 4 peak present in the first stage wetted channel at 40.03 as the TiO 2 nanoparticles are removed from the surface within the detection range of the ToF-SIMS.
Fig 6 shows also the high resolution ToF-SIMS spectra of hydrocarbon peaks in the vicinity of m/z = 43. In the first stage wetted channel a significant increase in the polar oxygenated hydrocarbon peak of OC 2 H 3 is observed whereas the non-polar hydrocarbon peak of C 3 H 7 is smaller than in the other spectra. The observed chemical changes partially explain the observed differences in wettability. In addition, the changes in the surface morphology caused by the removal of nanoparticles seen in Fig 5 also contribute to the changes in wettability.
We have also recorded high resolution spectra of peaks 54 (SiC 2 H 2 and C 4 H 6 ), 55 (AlCO, OC 3 H 3 , and C 4 H 7 ), 56 (AlSiH, OC 3 H 4 , and C 4 H 8 ), and 57 (AlSiH 2 , OC 3 H 5 , and C 4 H 9 ) confirming that the base paperboard pigment coating color components are only visible in the first stage wetted channel area. It is worth emphasizing here that the ToF-SIMS measurement is surface sensitive to the top 1 -2 nm i.e. only the outermost molecular layers of the surface are characterized. Therefore, in the nonwetted channel area the ToF-SIMS signal mainly originates from the porous TiO 2 nanoparticle coating layer and the base paperboard is located below the detection range of the ToF-SIMS signal. However, in the first stage wetted channel the base paperboard pigment coating is exposed for ToF-SIMS signal detection that is also supported by the FE-SEM analysis shown in Fig 5.  Fig 7 shows the normalized relative intensities of the ToF-SIMS spectra from the channel area of the first stage wetted and non-wetted samples. .
The ToF-SIMS positive ion spectra were also recorded from the areas outside the channel. As expected, the first stage wetted and non-wetted samples are similar in their spectra as the water treatment only affects the channel area in the first stage wetting. The kaolin clay components are not visible in both samples as expected. Small differences were observed in the peaks related to Ti (45.95 and 47.95 Da) but they may originate from the variation of the sample e.g. differences in the surface topography at the measurement spot.
Conclusions
In this paper we have shown that it is possible to form permanent planar fluidic channels on a TiO 2 nanoparticle coated paperboard. We have previously demonstrated controlled wettability using the photocatalytic activity of TiO 2 . Here, a simple water treatment step in between the UVA illumination and the heat treatment removes the TiO 2 nanoparticles from the UVA exposed channel leaving the channel permanently lower in hydrophobicity compared to an untreated counterpart. The first stage wetted and non-wetted channel structures have been characterized in detail using CA, FE-SEM, XPS, and ToF-SIMS. The first stage wetting prevents the recovery of surface superhydrophobicity, and thus the shelf lifetime of such fluidic channels is significantly improved.
The used LFS technique allows cost-effective, roll-toroll deposition of nanoparticles on large area webs. In this work we have demonstrated simple 1 and 2 mm wide planar channels on paperboard that can easily be extended towards more complicated structures with a different design of the used photomask. We plan to return on this issue in a future communication. Hence, the results of this work show avenues towards low-cost planar fluidic point-of-care diagnostic devices that are recyclable, renewable, and easily disposable after use without any need for laboratories. Furthermore, such natural fibre based products promote both ecologically and economically sustainable development. We believe that such planar fluidic channels will find many applications in diagnostics in the future.
